treatment ( Figure 1A, lanes 3 and 4) . To rule out a possiAntiapoptotic proteins such as Bcl-2, Bcl-xL, and Mcl-1 bility that these higher-molecular-weight bands were protect mitochondrial integrity, while the proapoptotic from Mcl-1-associated protein rather than Mcl-1 itself, the protein mixture was first heated in the presence of 1% SDS and 5 mM DTT to disassociate protein-protein
interactions before being subjected to immunoprecipitation. The disassociation was measured by the absence of Bim, a known Mcl-1-associated protein in the immunoprecipitates ( Figure 1A , lanes 3-6, lower panel). The heat treatment removed Bim from Mcl-1 immunoprecipitate, but the higher shift of Mcl-1 bands remained ( Figure 1A , lanes 5 and 6). This result suggested that polyubiquitination of Mcl-1 might occur. The immunoprecipitates were also probed by an anti-ubiquitin antibody to verify that these higher-molecular-weight bands were indeed caused by polyubiquitin conjugation of Mcl-1. As shown in Figure 1B , the higher-molecular bands that were immunoprecipitated with anti-flag antibody were also recognized by the anti-ubiquitin antibody, indicating that the shift of Mcl-1 protein bands were caused by polyubiquitin conjugation ( Figure 1B , lane 4).
We then established an in vitro ubiquitination assay for Mcl-1. The system consists of an ATP regenerating system, GST-ubiquitin or methylated ubiquitin (ubiquitin was reductively methylated to prevent polyubiquitination chain formation as described by Carrano et al. [1999] ), ubiquitin aldehyde to block the deubiquitin enzymes, radio-labeled recombinant human Mcl-1 protein generated by in vitro translation, and an S100 fraction from HeLa cells. As shown in Figures 1C and 1D , both GST-ubiquitin and methylated ubiquitin were readily conjugated to the radio-labeled Mcl-1. Furthermore, each component was indispensable for this ubiquitin ligating activity (data not shown). sites. In principle, methylated ubiquitin cannot be polymerized; therefore, each shifted band with the addition of 7 kDa molecular mass is caused by ubiquitination on a single site. If ubiquitin is present, excess amounts of methylated ubiquitin can block polyubiquitin chain formation, resulting in the formation of short polyubiquitin chains. Since Mcl-1 was synthesized in vitro in reticulocyte lysates and an S100 was utilized as a source for ubiquitin ligase activity, polyubiquitin chains derived from ubiquitin present in the reticulocyte lysates or the S100 were terminated by methylated ubiquitin, producing short polyubiquitin chains (mono-, di-, and triubiquitin; Figure 1D ).
Mapping Mcl-1 Ubiquitination Sites
We used this assay in combination with site-specific selective interaction between specific E3s and protein substrates (Varshavsky, 2000) .
To study how many factors are involved in Mcl-1 Identification of Mcl-1 Ubiquitination Activity
To isolate the enzyme that carries out Mcl-1 ubiquitinaubiquitination, we first fractionated HeLa S100 through an ion exchange Q column into four fractions: Flowtion, we fractionated HeLa cell S100 extracts and re- Figures 3B and 3C . Mule activity was eluted from the Mono Q column at roughly 400 mM NaCl ( Figure 3C , ture analysis, these two domains resemble ARM (Armadillo)-like repeats; therefore we named them as ARLD1 fractions 10 and 11). The same protein fractions were subjected to SDS-PAGE followed by Colloidal blue (ARM repeat-like domain 1) and ARLD2 ( Figure 4A ). Mule is highly conserved in mammals. The amino acid staining. A protein band with a molecular mass much larger than the highest molecular weight standard used sequence among human and mouse share more than 90% identity throughout the entire protein, and all the (207 kDa) correlated with the Mcl-1 ligase activity (Figure 3B) .
domains are well conserved ( Figure S3 ).
Recombinant Activity of Mule Molecular Cloning of Mule
To obtain the sequence identity of this Mcl-1 ubiquitin After cloning of the putative full-length Mule, we generated and purified recombinant Mule protein using a baligase activity, the protein was excised from the gel and subjected to tryptic digestion followed by mass spectral culovirus-based expression system ( Figure 5A ). In the presence of E1, Ubch7 (E2), and an ATP-regenerating analysis. The mass fingerprinting of the digested pep- To further confirm that the HECT domain was re-5F, lane 8). Addition of BH3 peptide rather that 4E mutant blocked Mcl-1 polyubiquitination ( Figure 5F , lanes quired for E3 activity, the active-site Cys residue that was deduced from conservation among various HECT 10-13). domain E3s ( Figure 4B ) was mutated to an Ala by sitespecific mutagenesis. The mutant Mule was purified Characterization of Interaction between Mule and Mcl-1 through the same procedure as wild-type Mule. In contrast to wild-type Mule, the point mutant lost E3 activity
We generated a monoclonal antibody against the bacterially expressed Mule (amino acids 2219-2396) and for Mcl-1 ( Figure 5D, lanes 1-3) . Furthermore, the Cys mutant Mule showed no dominant-negative effect over performed Western blotting and immunoprecipitation experiments with this antibody. This antibody specificwild-type Mule on Mcl-1 ubiquitin ligase activity ( Figure  5D, lanes 4-9) . 6A and 6B, lane 2) . In at 4 M ( Figure 5E, lane 4) , while the Mule BH3-4E mu- (Figure 7) . Mule belongs to the HECT-domain-containing group of E3 ligases. The HECT domain was first identified in the enzyme that binds to the papilloma virus E6 protein responsible for degradation of the p53 tumor suppressor protein (Huibregtse et al., 1995) . The active site Cys within the HECT domain receives ubiquitin from the corresponding E2 and transfers it to the protein substrate (Scheffner et al., 1995) . Mutation of the conserved Cys in the HECT domain of Mule abolishes its Mcl-1 ubiquitination activity ( Figure 5D ). Mule also contains recognizable UBA and WWE domains. Both domains are commonly found in other E3 enzymes. The UBA domain is known to bind mono-or polyubiquitin, and the WWE domain is a conserved globular domain that is predicted to mediate specific protein-protein interactions in ubiquitin and ADP-ribose conjugation systems ( But the precise roles of these three domains, as well as the two ARM repeat-like domains (ARLD1 and ARLD2) at the Mule N terminus, remain to be defined by further structure-function studies. In addition to these recognizable domains, the other regions in this enormous protein may serve other unknown functions as well.
Mule Is a New Member of BH3-Only Proapoptotic Proteins
Interestingly, Mule also contains a well-conserved BH3 domain through which the Bcl-2 family members in- 
